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I. INTRODUCTION.*
1. Preliminary.-Probably no series of iron alloys has received
more attention in recent years than has the iron-silicon series. This
is largely due to the fact that some of these alloys have proved their
superiority over pure iron and other iron alloys for certain very im-
portant purposes in the electrical industry. The iron-silicon alloys
have been thoroughly investigated by chemists, metallurgists, and
physicists, so that their properties are generally very well known.
The reason that this series of alloys has again been the object of an
investigation is the discovery by the writer about two years ago that
the magnetic properties of pure iron that is melted in vacuo are far
superior to any other grade of iron known at that time.t It was
evident that this superiority was due to the purity of the iron pro-
duced by the vacuum process, the iron thus produced containing only
0.01 per cent carbon. A new standard of iron purity being thus pro-
duced, it became desirable to repeat previous investigations on the
properties of iron alloys with this new standard as a basis, and the
present bulletin deals primarily with iron-silicon alloys containing
from 0.001 to 8.5 per cent silicon.$ Besides the magnetic properties
the bulletin contains data concerning the electrical and mechanical
properties and gives chemical analyses. Photomicrographs are also
shown for the various alloys.
The writer wishes to express his appreciation of the sympathy
shown and assistance rendered by members of various departments
in the University of Illinois. In particular he wishes to mention Mr.
W. A. Gatward, Fellow in the Engineering Experiment Station, for
the conscientious work done during the year, largely in connection
with the magnetic testing, but also in many other ways. The chemical
analysis has been done by Mr. J. M. Lindgren and Mr. F. H. Whittum
of the Chemistry department who deserve great credit for the thor-
oughness with which they have accomplished their part of the in-
vestigation.
II. HISTORICAL REVIEW.
2. Mechanical Properties.-The effect of silicon upon the me-
chanical properties of iron was noticed as early as the beginning of
*A paper containing much of the information given in this bulletin was presented
before the American Institute of Electrical Engineers, St. Louis, October 20, 1915. (Trans.
Am. Inst. of Elect. Engrs. Vol. 34, No. 10, Oct., 1915).
tMagnetic and other Properties of Electrolytic Iron Melted in Vacuo. Bulletin No.
72, Engineering Experiment Station. Univ. of Illinois, 1914. Trans. Am. Inst. of Elect.
Engrs. Vol. 33, Part I, p. 451, 1914. (A. I. E. E. Proceedings, February, 1915, p. 237).
$Bulletin No. 77 published by the Engineering Experiment Station deals with iron-
boron alloys, melted in vacuo, the maximum boron content being 0.50 per cent.
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the last century, when Mushet found that quartz sand applied to mol-
ten iron made the iron harder and more brittle. These results were
later confirmed by other investigators,* and by 1880 it was generally
accepted that silicon increases the strength of iron and at the same
time it tends to make it hard and brittle if added in quantities above
a few per cent. It was not until towards the end of the century, how-
ever, that systematic investigations of the iron-silicon alloys were
made. In 1887 Tilden, Roberts-Austen, and Turnert carried on ex-
tensive investigations on the mechanical properties of low silicon al-
loys, containing from 0.10 to 0.50 per cent silicon. These investigators
found that silicon increases the hardness, raises the elastic limit and
ultimate strength, and decreases the elongation. The investigations
were continued by Hadfield in 1889,$ who carried the silicon content
up to 8.83 per cent. With a silicon content of 7.23 per cent and 8.83
per cent, however, the ingots could not be forged, so that the highest
silicon alloy tested contained 4.90 per cent silicon. The results ob-
tained by Hadfield as well as by some of the later investigators are
shown graphically in Figs. la, b, and 2a, b. Pages 7, 8 and 9. As the
carbon content in the alloys used in the above investigations was com-
paratively high, varying from 0.14 to 0.26 per cent, Baker,¶ in his re-
search on iron-silicon alloys in 1903, reduced the carbon content to 0.04
per cent. This was accomplished by first melting the iron alone, and
then, after removing the slag, adding the ferrosilicon. The charge
was kept molten for 15 minutes longer, and was then cast into ingots.
This procedure produced an iron not only low in carbon, but low in
manganese as well. Guillet§ in 1904 made an extensive investigation of
the microstructure of the iron-silicon alloys with silicon contents up
to 30 per cent. He also studied the mechanical properties of the al-
loys, but his results, although in general confirming those obtained by
his predecessors, are not strictly comparable to them, on account of
the high and varying manganese and carbon content. Furthermore,
only four of his alloys were forgeable, namely, those containing 5.12
per cent silicon or less. However, Guillet confirmed the results of
Hadfield with regard to the effect of carbon upon the limit of forge-
ability of the iron-silicon alloys. Thus he found that, with a carbon
content of 0.94 per cent, the limit lies below 5 per cent silicon. Bisset**
*See: P. Paglianti, Metallurgie, Vol. 9, p. 217, 1912, where references are given to
early investigators..
tReport of British Assoc. for the Advancement of Science, 1888.
$Journ. Iron and Steel Institute, Vol. 86, 1889, II, p. 222.
lJourn. Iron and Steel Institute, Vol. 64, 1903, II, p. 812.
§Rev. de Metallurgie, Memoirs, Vol. 1, p. 46, 1904.
**Iron Age, Aug. 25, 1910.
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states that silicon adds strength to iron comparable to the effect of
carbon, but in other respects leaves the iron unchanged. Paglianti,*
in 1912 investigated the properties of iron silicon alloys, using as a
basis electro-converted iron with a carbon content of 0.10 per cent
and with manganese varying from 0.22 to 0.60 per cent. The silicon
was added in the form of 50 per cent ferrosilicon, and the specimens
were obtained from ingots weighing 80 to 100 kg. The results ob-
tained by these various investigators, as shown in Fig. la, b differ
considerably in numerical values, probably due partly to the differ-
ence in the purity of the iron used as a basis, and partly to the
method of melting and the subsequent mechanical-and heat-treatment.
FIG. la. MECHANICAL PROPERTIES OF IRON-SILICON
ALLOYS, ACCORDING TO VARIOUS INVESTIGATORS.
As FORGED.
*Metallurgie, Vol. 9, p. 217, 1912.
Rev. de Metal. Extracts, Vol. 11, p. 4, Jan., 1914.
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FIG. lb. MECHANICAL PROPERTIES OF IRON-SILICON
ALLOYS, ACCORDING TO VARIOUS INVESTIGATORS.
As FORGED.
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FIG. 2a. MECHANICAL PROPERTIES OF IRON-SILICON
ALLOYS, ACCORDING TO VARIOUS INVESTIGATORS.
ANNEALED.
-
-a
ote
-.
-
LM
-
-
.-
Reduction of Area
'\--_
-^
I 1
-----
-
e,
- -
--
-
_-÷
-
ol [onol,
i
0] L_ I
.
L_
Av
£ 
3 
4 
5 
6
5 4
r 6 7'Y
·
-I I: :
YENSEN-PROPERTIES OF IRON-SILICON ALLOYS
Silicon Content- percent
FIG. 2b. MECHANICAL PROPERTIES OF IRON-SILICON
ALLOYS, ACCORDING TO VARIOUS INVESTIGATORS.
ANNEALED.
TABLE 1.
MAGNETIC AND ELECTRICAL PROPERTIES OF HADFIELD'S IRON-SILICON
ALLOYS.
Max. In- Permea- Retentivity Coercive Energy Dissi Spe. Ele.
Mark Silicon duction for bility for in Terms Force in patedper om- Resistance.
S = 45. H = 8 of B Terms of H etecle microhms
s_____________ oergs per cc.
. C. .I .07 ..... ..... . ... .. 2
B .14 16800 1625 9770 1.66 10760 10.9
898 E 2.50 16420 1680 4080 .90 7900 42.1
898 H 5.50 15980 1630 3430 .85 6500 65.2
The results due to Baker, for example, show the tensile test curves
to lie considerably to the right of those due to the other investigators.
This fact, in conjunction with the appearance of his photomicro-
graphs, suggests that part of the silicon in his alloys may be in the
form of silica, caused by the method of melting. In view of these
differences it is not strange that the results of the above investigators
should disagree to some extent.
3. Magnetic and Electrical Properties.-In connection with his
investigation of the mechanical properties of iron-silicon alloys in
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1889, Hadfield* touched upon their magnetic and electrical proper-
ties. The results arrived at were not favorable, as it was found "that
the material (containing 4.43 per cent silicon and .18 per cent car-
bon) had less susceptibility and more retentiveness than good soft
iron, and that it had enormously less retentiveness than hard steel
suitable for magnet making." However, Hadfield continued his in-
vestigations on the magnetic properties of iron-silicon alloys and in.
1900, assisted by Barrett and Brown, he was able to give a report that
was quite different from the one above referred to.t Among the
large number of alloys investigated, the report includes two iron-
silicon alloys, containing 2.5 and 5.5 per cent silicon respectively.
The results show (see Table 1) that both alloys have a higher maxi-
mum permeability and a decidedly lower hysteresis loss than pure
iron, and that the electrical resistance increases at the rate of 10 to
12 microhms per c. c. for each per cent of silicon added.$ This re-
markable discovery caused an almost immediate adoption of the sili-
con-steel for use in electrical machinery, particularly in transformers.
It also gave a new impetus to the investigation of iron and steel al-
loys for electrical purposes, and a large number of investigators have
been searching for new treasures in this field. Except for permanent
magnets, however, silicon still holds the first place as the alloying
element, giving best results for electromagnetic machinery.j Among
those who have investigated the magnetic and electrical properties of
iron-silicon since Hadfield's discovery, only a few will be mentioned
in the following review.
Gumlich and Schmidt§ investigated a large number of commer-
cial steels and among these certain iron-silicon alloys, in general con-
firming the results of Hadfield. Baker,"* as already mentioned, used
a very pure grade of iron, the carbon content being only 0.04 per
cent. His results are summarized in Table 2. From this table it is
seen that the permeability increases and the coercive force and hys-
*Journ. Iron & Steel Inst., Vol. 36, 1889, II, p. 237.
tBarrett, Brown & Hadfield; Scient. Trans. Royal Dublin Soc. VII Ser. 2, PaPrt 4,
Jan., 1900.
Barrett, Brown & Hadfield: Jour. Inst. of Elect. Engrs. Vol. 31, p. 674, 1901-02.
Reviewed by E. Gumlich: Stahl u Eisen 1902, No. 6, p. 230.
tThe electrical conductivity of iron alloys is described in detail by Barrett: Proc.
Royal Soc. Vol. 69, p. 480, 1902.
IThe iron-cobalt alloy Fe2Co, first investigated by Weiss, has recently been investi-
gated by the writer, and may prove to be a valuable material on account of its high
permeability in medium and high fields. See Gen. Elect. Review. Vol. 18, p. 881,
Sept., 1915.
§Elektrotech. Zeitsch. Vol. 22, p. 691, 1901.
**Journ. Iron and Steel Inst. Vol. 64, 1903, II, p. 312.
Journ. Inst. of Elect. Engrs. Vol. 34, p. 498, 1904-05.
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TABLE 2.
MAGNETIC PROPERTIES OF IRON-SILICON ALLOYS, (FROM BAKER).
Silicon Max. Indue- Permeability Retentivit Coercive Energy Dissipated per
o tion H = 20 for H = 4 Force Complete Cycle
0.02 16000 2325 8375 1.8 10550 ergs per cc
1.02 16200 2562 8000 1.7 8798 " "
2.90 15500 2750 7325 1.5 8081 " " "
4.89 14750 2665 7200 1.2 6110 "
7.47 14000 2937 9000 1.0 5613 " " "
teresis loss decrease with increasing silicon content up to the limit of
forgeability.
Dillner and Engstrom,* in contradiction to other investigators,
found silicon to reduce the permeability and increase the hysteresis
loss of sheet iron. By using silicon and aluminum together in certain
proportions the best results were obtained.
Guertlert investigated the electrical conductivity of numerous al-
loys of iron with all the more common elements. From the curves
given the resistance of the 3.4 per cent iron-silicon alloy is shown to
be 50 microhms per cu. cm. confirming the results obtained by Barrett.
Burgess and Aston$ have investigated a large number of iron al-
loys, using doubly refined electrolytic iron as a basis. This iron, con-
taining only 0.03 per cent impurities, was melted in an electric re-
sistance furnace together with the alloying element. This method of
melting, however, proved to involve some danger, inasmuch as the iron
would decompose the carbon monoxide gases in the furnace and com-
bine with small quantities of carbon and oxygen.¶ Burgess and Aston
found that silicon improves the iron magnetically, the 4.65 per cent
alloy having a decidedly lower hysteresis loss than their pure iron
standard.
Gumlich and Goerens§ in 1912 carried out researches on iron-
silicon alloys using samples made for them for the purpose by the
firm of Krupp at Essen. The results are summarized in Table 3.
It is seen from this table that for rods the coercive force and prob-
ably also the hysteresis loss is a minimum in the region of 4 per cent
silicon, as shown by previous investigators, while for sheets the mini-
mum occurs at 0.50 per cent silicon. This difference between sheets
*Journ. Iron and Steel Inst. Vol. 67, 1905, I, p. 474.
tZeitschr. Anorg. Chemie. Vol. 51, p. 397, 1906.
tMet. and Chem. Eng'n. March, 1910.
¶This was shown by the writer to be the case in his own preliminary experiments,
described in Bulletin No. 72 of the Eng. Exp. Sta. Univ. of Ill. 1914.
§Trans. Faraday Soc. Vol. 8, p. 98, 1912.
Ferrum 10 (12) p. 83, 1912; Chem. Zentr. Bl. [5] 17 (13) p. 380.
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TABLE 3.
MAGNETIC PROPERTIES OF IRON SILICON ALLOYS (FROM GUMLICH
AND GOERENS.) SAMPLES ANNEALED AT 800° C.
ilicon Coercive Force Maximum Permeability1 o- Saturation Value, 4,,.I.
Sheets Rods Sheets Rods
.06 1.80 1.25 3000 3000 21200
.15 .70 1.10 .... .... 21300
.30 .65 1.15 ........ 21200
.40 .54 1.20 11600 2800 21150
.60 .80 1.30 .... 2400 21050
.90 .75 1.50 .... .... 20950
1.00 .80 1.30 8500 3500 20900
1.65 .70 1.20 .... .... 20600
1.95 .75 1.25 .... 2900 20400
2.35 .85 1.00 7700 2700 20300
3.70 .85 .65 .... 4900 19750
4.00 ... ... 9400 4100
4.50 1.05 .65 5500 4400 19100
5.25 ... .75 .... 4300 18300
8.60 ... .95 .... 3000 16100
These values are only approximate as they are obtained from curves.
The flux densities are not given.
and rods could not be accounted for at the time of the report, but
was being investigated. For sheets the maximum permeability curve
has two maxima, one, of 11600, occuring at 0.40 per cent silicon, and
the other, of 9400, at 4 per cent silicon. For rods, only one maximum
occurs, namely 4900, at 3.7 per cent silicon. In view of the saturation
values, and of the photomicrographs and chemical analysis, the authors
are of the opinion, previously suggested by Hadfield and Hopkinson,*
that silicon has not directly any improving influence on the iron, but
that the improvement is due to the neutralizing effect of silicon upon
the carbon contained in the iron. Thus, silicon appears to convert all
the carbon from the dissolved form into either cementite or graphite;
and even to prevent the formation of hardening carbon by quenching.
The correctness of this opinion is apparently borne out by the values
for the coercive force before and after annealing for a number of sili-
con alloys containing relatively large amounts of carbon.
The conclusions arrived at by Gumlich and Goerens have received
further confirmation by the results obtained by Paglianti.t In Table
4 the magnetic properties of a few of his alloys have been given. The
carbon content is approximately 0.10 per cent. It is seen from this
table that quenching increases the coercive force 4 to 7 times for low
silicon iron, and only twice for high silicon iron. Similarly the
hysteresis loss is increased 21/2 to 41/2 times for low, and only 11/4
*Journ. Inst. Elect. Engrs. Vol. 46, p. 235, 1911.
tMetallurgie, Vol. 9, p 217, 1912; Rev. de Metall. Extracts, Vol. 11, p. 4, Jan.,
1914.
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TABLE 4.
MAGNETIC AND ELECTRICAL PROPERTIES OF IRON-SILICON ALLOYS
(FROM PAGLIANTI)
Alloy
No.
1
8
7
10
1
3
7
10
1
3
7
10
Silicon
.24
.67
2.35
5.26
.24
.67
2.35
5.26
.24
.67
2.35
5.26
Maximum
Heat treat- Permea-
ment bilitypmax
A 980
985
As 1200
forged 1900
B 1475
Annealed 1600
at 11000 3200
C, cooled 2760
in 36 hours
K 500
Annealed 320
at 11000 1400
Slowly 925
cooled
to 900.
Quenched
in water
from 9000
Coercive
Force
for Bmax
= 16000
gilberts
per cm.
4.75
4.25
3.10
1.75
2.37
2.42
.78
.85
8.37
15.87
1.50
1.75
Retentivity
for Bmax =
16000.
gausses
10075
9100
7375
7900
7200
7650
4625
4000
7975
8975
3500
2400
Hysteresis
Loss
for Bmax =
16000. ergs
per cc.
per cycle
17865
15700
13890
9650
10700
11550
3900
4900
28600
46100
7350
6500
Spec. Elect.
Resistance
microhms
16.98
22.20
42.50
66.00
15.62
21.00
39.10
64.50
16.66
22.20
41.50
66.00
times for high silicon iron. Again, the retentivity is increased for
low silicon but considerably decreased for high silicon. All these re-
sults apparently point in the direction suggested by Gumlich. Taking
into account both the hysteresis loss and eddycurrent loss as well as
the mechanical properties of the alloys, Paglianti concludes that the
2 per cent alloy has the most favorable characteristics for electro-
magnetic machinery. This conclusion is based on the assumption that
the eddycurrent loss varies inversely as the resistance of the material,
an assumption which according to recent investigations by Ball and
Ruder* is not strictly correct. No law could be found by them for
expressing the dependence of eddycurrent loss on resistivity, except
that the loss in general decreases with increasing resistance, but at a
slower rate. However, this discovery would not change Paglianti's
conclusion, as it would favor the low rather than the high silicon con-
tent, and a silicon content much below 2 per cent would be out of the
question in any case.
4. Metallography.-The effect of silicon upon some of the physical
properties of iron having been dealt with in the two previous sections,
it remains to inquire into the manner in which silicon has been found
to influence the structure of the iron, and the relation between the
*Gen. Elect. Review, Vol. 17, p. 487, May, 1914.
Electrician Vol. 74, p. 55, 1914.
" I-;-
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structural and physical properties, although this has already been
touched upon.
The metallography of the iron-silicon series was investigated by
Osmond* in 1890, followed by Arnoldt and Baker.4 By their ex-
periments the polymorphic transformation points, Ar, and Ar, were
established with some degree of certainty for alloys containing up to
about 8 per cent silicon. Later, Guertler and Tammann¶ investigated
the complete series, but only that part which deals with crystallization
from the liquid to the solid state is as yet available, (Fig. 3.)
However, from the data thus obtained Gontermann§ has worked
out an equilibrium diagram for the iron-silicon alloys up to the first
eutectic point, 21.4 per cent silicon. The diagram is shown in Fig. 4,
where the curves that have not been established by experiments are
shown broken. According to this diagram, silicon in quantities of
about 15 per cent or less remains dissolved in the iron throughout all
the allotropic modifications of the latter. If the solution contains
more than 15 per cent silicon, two different crystals are formed upon
cooling, namely the mixed saturated crystal of iron and silicon, con-
taining about 15 per cent silicon, and a crystal of the composition
FeSi.**
The results of the above investigations are confirmed by the photo-
micrographs published by Baker,$ Guillet,tt Guertler and Tam-
mann,f Gumlich and Goerens,ft and Paglianti.¶f These shows that
with a silicon content of 15 per cent or less there is only one kind of
crystal present in the alloys, with the exception-in the low silicon
alloys-of the cementite crystals caused by the carbon present in the
iron to a more or less extent. With a higher silicon content, above
3 or 4 per cent, carbon is no longer precipitated as cementite, but as
graphite, and appears in the forms of black spots on the surface of
the polished specimens.
*Journ. Iron & Steel Inst. Vol. 37, 1890, I, p. 62.
tJourn. Iron & Steel Inst. Vol. 45, 1894, I, p. 107.
tJourn. Iron & Steel Inst. Vol. 64, 1903, II, p. 312.
UZeitschr. Anorg. Chem. Vol. 47, -p. 163, 1905.
§Zeitschr. Anorg. Chem. Vol. 59, p. 384, 1908.
Journ. Iron & Steel Inst. Vol. 83, 1911, I, p. 431.
**According to Guertler and Tammann the 20 per cent alloy forms the compound
Fe2Si, and this in turn forms a eutectic with FeSi when the alloy contains 21.4 per cent
silicon.
ttRev. de Metallurgie, Memoirs, Vol. 1, p. 46, 1904.
t$Trans. Faraday Soc. Vol. 8, p. 98, 1912.
l¶Metallurgie, Vol. 9, p. 217, 1912.
Rev. de Metallurgie, Extracts, Vol. 11, p. 4, 1914.
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FIG. 3. PHASE DIAGRAM OF IRON-SILICON ACCORDING TO GUETLER
AND TAMMANN.
With regard to the exact manner in which the precipitation of
carbon takes place in the presence of silicon, the writer has found
no definite explanation. Wiist and Petersen* and Gontermann have
made a thorough study of the ternary system, iron-silicon-carbon.
The latter suggests that graphite is partly formed by a separation out
of supersaturated silico-austenite and partly by the dissociation of
silico-cementite.
5. Summary of Historical Review.-The information gathered
from this review as to the action of silicon upon iron may be sum-
marized as follows:
(a) Silicon is soluble in quantities up to about 15 per cent in all
the allotropic modifications of iron. In the presence of silicon, carbon
is readily precipitated, and if sufficient silicon is present,-above 4
per cent,-carbon may be completely precipitated as graphite, even
though the solution should be rapidly cooled from the molten state.
(b) It has been shown that carbon in the form of graphite has a
much less damaging effect upon the magnetic properties of iron than
it has in the dissolved form or in the form of cementite. As silicon
*Metallurgie, Vol. 3, p. 811, 1906.
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FIG. 4. EQUILIBRIUM DIAGRAM FOR IRON-SILICON ALLOYS ACCORDING
TO GONTERMANN.
precipitates carbon as graphite, it is readily seen why silicon indirectly
should have a beneficial effect upon the magnetic properties of iron,
since even the purest iron contains small amounts of carbon. The
most favorable silicon content varies, according to the various in-
vestigators, from 2 to 4 per cent.
(c). Silicon increases the electrical resistance of iron by 10 to 12
microhms per cu. cm. for each per cent added. As the eddycurrent
loss decreases with an increase in resistance, it follows that the silicon
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content should be made as high as possible without loss of the most
favorable magnetic properties.
(d). Silicon in quantities up to 4 per cent increases the strength
of iron in proportion to the amount added. If more than 4 per cent
is added the strength decreases rapidly probably due to the formation
of graphite, and the yield point coincides with the breaking point.
The ductility is but little affected by the silicon below 2.5 per cent;
above this amount the alloys are brittle, and with 4 per cent or more
the elongation and reduction of area are nil. With 7 per cent or
more silicon, the alloys are not forgeable. Unlike carbon, silicon does
not confer upon iron the property of becoming hardened when water-
quenched.
III. MATERIAL, APPARATUS AND METHODS
Although details with regard to the methods of testing were given
in Bulletin No. 72, so many changes have been made since its appear-
ance, that it seems desirable to describe these changes as well as to
review briefly the apparatus and methods as a whole. Where details
are lacking the reader is referred to Bulletin No. 72.
6. Iron-The iron used as the basis of the investigation consisted
of doubly refined electrolytic iron, containing 0.006 to 0.01 per cent
carbon and 0.01 per cent silicon. Before being used, the iron was
thoroughly cleaned with HC1, distilled water and alcohol and then
dried by means of ether in vacuo.
7. Silicon.-The analysis of the silicon used as the alloying ele-
ment gave the following result:
Si ................... 92.23 %
Fe ................... 8.50 "
C .................... .016 "
100.746 %
8. Melting.-About 600 grams of iron and silicon in the desired
proportion were placed in a crucible, made from fused magnesia, and
covered by means of a magnesia cover. The melting was done in an
Arsem type vacuum furnace, Fig. 5, under a finishing pressure of
0.5 mm. of mercury, measured by means of a McLeod gage. To ob-
tain this vacuum it was necessary, after the preliminary low heating,
to bring the temperature of the carbon heating element up to as high
a temperature as possible before the iron should have time to melt
and begin to vaporize. This was accomplished by an input of about
14 KW. By this method large amounts of occluded gases were driven
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out of the carbon, that otherwise would have prevented a good vacuum
from being reached within a reasonable time. In about 15 minutes
the iron would begin to vaporize from the hottest parts of the crucible,
FIG. 5. FURNACE ROOM, SHOWING VACUUM FURNACES.
and, if the input was maintained, iron vapor arcs were formed that
would practically cause a short-circuit of the furnace. The input
was, therefore, decreased from 14 to 12 KW and maintained there
for about 1 hour. At the beginning of this period the iron would be
molten and the pressure would be about 2.0 mm, while at the end of
the period the pressure would have decreased to 1.0 mm. To further
reduce the pressure the input was decreased to 11 KW, this being
just sufficient to keep pure iron molten. The carbon, having been
allowed to cool off, would absorb some of the gases in the furnace and
at the end of another one-hour period a pressure of 0.5 mm. was
obtained. With the high silicon alloys the input could be reduced
still further before the iron started to freeze, and consequently lower
pressures-as low as 0.3 mm-could be obtained. The ingot was then
allowed to cool in the furnace so as to prevent oxydation. When re-
moved from the furnace the tops of the ingots would be perfectly
bright, occasionally having the appearance shown in Fig. 6, due to a
thin film of slag, probabaly SiO2.
9. Forging.-The forging was done by heating the ingots in an
ordinary coke forge to a cherry red, and drawing them out into rods
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FIG. 6. TOP SURFACE OF A PURE IRON INGOT
AS REMOVED FROM FURNACE.
about 1/2" (1.25 cm) x20" (50 cm) under a steam or other power
driven hammer. No difficulty was experienced in the forging of the
alloys with exception of those containing 2.55, and 8.55 per cent sili-
con, both of which fell to pieces by the first blows of the hammer.
That the latter should not forge was not surprising, but that an alloy
containing 2.55 per cent silicon was non-forgeable was quite new. On
that account a second ingot was made, that analyzed 2.57 per cent
silicon. It, too, broke down into a mass of large crystals just like
the previous ingot. The pieces from the 2.57 per cent alloy are shown
in Fig. 30a, showing crystals varying in size from 1/8" (3.2 mm) to
1/4" (6.4 mm) across. The 8.55 per cent alloy is shown in Fig. 39,
exhibiting crystals considerably smaller than the 2.57 per cent alloy.
The rest of the alloys forged very well, but as the silicon content in-
creased above 3 per cent the alloys became increasingly harder, and the
6.57 per cent ingot had to be heated repeatedly to a high temperature
before it could be drawn out.
10. Testpieces.-From the forged rods the following testpieces
were prepared:
(a). One testpiece for the magnetic and electrical tests, 0.392"
(0.996 cm) in diameter and 14" (35.5 cm) long.
(b). Two testpieces for the mechanical tests, having a middle sec-
tion 0.3" (0.76 cm) in diameter and 1.5" (3.8 cm) long, with threaded
ends 0.5" x 0.5" (1.25 cm). (See Fig. 13.)
(c). One small sample for the metallographic investigation.
The shavings obtained by the process of preparing these testpieces
were collected, after first removing the exposed parts of the rods, and
used for chemical analysis.
ILLINOIS ENGINEERING EXPERIMENT STATION
x-Y p p
E
lu
BhU
W,
B
a
h
p
a
·e
r;
s
~
fU
;---X s
n
Ga
0
8
a,
Ga
§1
c°
w 
l n
g-°
0..
S"
'-o0
.-
E0.
Ga
Ga
So,
"8
0--
O
Ga
Ga.|s
a.
.0
6i
GaO
Gsa.
o
Ga
"'M8"
Ow
"a
8'S
Iam
o"s
ha <
aui
YENSEN-PROPERTIES OF IRON-SILICON ALLOYS
All the rods machined without any particular difficulty, with the
exception of the 6.57 per cent rod. This rod broke repeatedly in the
lathe in spite of the care exercised by the machinist. The vibration
was evidently sufficient to break it. No magnetic testpiece was there-
fore obtained from this rod, and mechanical testpieces were secured
only by omitting the threads at the ends. These testpieces, therefore,
had to be tested between flat grips, instead of screw sockets.
11. Magnetic Testing.-The magnetic testing was done by means
of the Burrows compensated double bar and yoke method,* now gen-
erally adopted wherever accurate testing is desired. The apparatus
used in the previous parts of the investigation was superseded by
one requiring a 14" (35.5 cm) rod, instead of a 12" (30.5 cm) rod as
previously used, and the distance between the rods was shortened.
These changes were made in order to decrease the errors due to the
ends of the various coils. With the new apparatus, shown in Fig. 7,
and Fig. 8, the error in H, as measured by the magnetizing current in
the main coil, and with the same current in all three coils, has been cal-
culated according to the method described in Bull. No. 72, and found
to be -0.02 per cent. With the highest permeability rods, however, it
FIG. 8. MAGNETIC TESTING APPARATUS.
*Bull. Bureau of Standards. Vol. 6. No. 1. Reprint .No. 117.
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was found that the current in the compensating coils in exceptional
cases had to be 30 times the current in the main and auxiliary coils.
Consequently, the maximum error in H is found to be 2.30 per cent,
that is, H as measured should be increased by 2.30 per cent. Cor-
rections have been made in the results according to these theoretical
calculations, but as will be shown in section III, it is probable that
the errors are larger than these would lead to.
A Grassot fluxmeter was used for the measurement of B. In this
instrument the deflection is independent of the duration of the mag-
netic change, a feature which is essential in testing iron of high per-
meability and low resistance. With the high resistance silicon alloys
a long period ballistic galvanometer would probably serve the purpose.
The apparatus was calibrated from time to time by means of an
aircoil, and also by means of rods submitted to the Bureau of Stand-
ards for standardization. The results obtained by the writer check
very well with those obtained by the Bureau and also with results
obtained by the calibration laboratories of two of the large manu-
facturing companies. As will be shown in section III, care has to
be exercised in clamping the rods between the yokes, as a very slight
strain due to bending has a considerable influence upon the perme-
ability of the high permeability rods.
12. Heat-treatments.-The rods were tested magnetically and elec-
trically and photomicrographs were obtained after the following treat-
ments:
(a). As forged
(b). Annealed at 900° C. Cooled at a rate of 30° per hour
(c). Annealed at 1100" C. Cooled at a rate of 30° per hour
The annealing was done in vacuo, by means of the furnace shown
in Fig. 5 and Fig. 9. This is a special type Hoskins resistor furnace,
fitted with two electroquartz tubes, one inside the other. The test-
pieces were placed in the center of the inner tube around the pyro-
meter protecting tube in such a way that the end of the pyrometer
was located at the center of the rods. The containing tube was then
filled with magnesia and the ends closed by means of rubber stoppers
and sealed with mercury. A vacuum of 0.2 mm to 0.1 mm was main-
tained during the entire heat treatment. Accidents happened occa-
sionally through the breaking of the tube or leak in the ends, destroy-
ing the rods in one case, but ordinarily the rods after removal from
the furnace needed very little cleaning. A trial experiment was made
using nitrogen by first evacuating the furnace, and then filling it with
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nitrogen obtained by drawing air through four gas wash bottles filled
with pyrogallic acid and one bottle filled with concentrated sulphuric
acid. This experiment gave rods practically free from scale and may
prove a convenient method for annealing, but the rods used in this
trial were discarded as far as this report is concerned. Practically
uniform cooling of the rods was obtained by means of a regulator that
automatically inserted resistance in the circuit every half hour.
FIG. 9. VACUUM ANNEALING FURNACE.
13. Photomicrographs.-These were obtained by polishing in the
usual way using jewelers' rouge for the final polishing. Great care
had to be used with the higher silicon alloys. Numerous small spots
would appear on the surface of some of the specimens, too numerous
to be caused by graphite, as the carbon content amounted to only 0.01
to 0.02 per cent. Fig. 10 shows a peculiar formation on one of these
specimens before etching. By careful polishing the spots were in
most cases removed, as seen by the photomicrographs shown in section
IV.
The etching was generally done by means of saturated picric acid
in alcohol. In a few cases, however, a 10% solution of nitric acid in
alcohol was found to give more satisfactory results.
The highest silicon alloys, containing 4.92 and 6.57 per cent re-
spectively, had to be washed with dilute hydrofluoric acid to remove
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FIG. 10. PECULIAR FORMATION.
Black spots would appear in polishing some of
the high silicon specimens, too numerous to be
caused by graphite. This photomicrograph
shows a peculiar formation of these black spots.
By careful and prolonged polishing the spots
would nearly all disappear.
Alloy No. 3Si27. 2.73% Si.
20 Diam. Unetched.
the thin film of a silicon composition that invariably formed on the
surface after etching.*
14. Mechanical Testing.-The mechanical testing consisted in ob-
taining the yield point, ultimate strength, the elongation before the
specimen had commenced to "neck," the ultimate elongation, and the
reduction of area at the point of fracture. The testing was done on
an Olsen 10000-pound testing machine, in which the test pieces were
secured between screw sockets. The load was applied uniformly by
means of an electric motor, and in most cases the yield point was de-
tected with certainty. As stated before, the testpieces from the 6.57
per cent alloy could not be threaded on account of their brittleness
and had to be tested between flat grips.
IV. MAGNETIC TESTING. EFFECT OF STRAIN AND COMPENSATING
CURRENT.
While it is well known that mechanical stress affects the magnetic
properties of iron, it was at first considered safe to clamp the magnetic
test rods in the permeameter without regard to the method of clamp-
ing, on the assumption that the strain due to the clamping would be
negligible. It was, however, noticed that in certain cases the perme-
*L. Guillet: Rev. de Metallurgie, Memoirs, Vol. 1, p. 46, 1904.
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ability increased materially by turning the rods from one position to
another and reclamping, while in other cases the opposite took place.
It soon became evident that this change of permeability was due to
mechanical strain, in such a way that the least strain gave the highest
permeability.* In the construction of the permeameter used in the
present investigation, particular attention was given to the yokes to
be sure that the holes for receiving the rods were perfectly parallel.
However, even with these yokes, inconsistencies were observed that
finally were traced to strain. Table 5 gives the results obtained by
different methods of clamping. It shows (Table 5a) that by tight
clamping the values of B, for H = 0.5, may vary from 8000 to 11000
for the same rod, that is, about 30 per cent, and that it seems to make
little difference which rod is used as auxiliary. With the yokes
clamped so as to give good contact and yet not strain the rods, the
results vary only about 1 per cent, and this may be due to influences
other than mechanical strain. The figures for tight yokes show that
it is possible to have the yokes tight and yet have little strain on the
rods, but there is no way to ascertain whether the rods are strained,
if the yokes are tight.
Table 5b shows, perhaps even more convincingly, that the incon-
sistent results shown in 5a, are due to strain. Starting with no strain
on the rods and the circuits balanced, the value for B was found to
be 11460, which is considered to be the correct value for the rod used.
Without changing any of the magnetizing currents the yokes were
then tightened. Under this new condition the contact between the
yokes and the rods were better than under the first condition and
should require a smaller compensating current to balance the mag-
nectic circuit. In spite of the too high compensating current, B was
apparently decreased to 11300. Balancing the magnetic circuit shows
the true value of B under this condition to be 10550. Leaving the
magnetizing currents unchanged, the yokes were then loosened (con-
dition 4). The compensating current under this condition was nat-
urally too small, as the contact was not as good as before, and yet the
apparent value of B was increased to 11460. This is probably the
most forceful evidence in favor of the contention. Balancing the cir-
cuit (condition 5) shows the true value to be 11460, the same as under
condition 4. This is evidently due to the fact that the auxiliary rod
had been strained more than the main rod, shown by the necessity of
decreasing Haux from 0.8 to 0.7.
*Bulletin No. 72 Eng. Exp. Sta. p. 40.
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TABLE 5.
EFFECT OF STRAIN AND COMPENSATING CURRENT
ON MAGNETIC TESTING.
a. TEST ROD NO. 8S114C WITH VARIOUS AUXILLIARY RODS.
INDUCTION B, FOR H = 0.5.
Rods more or less strained, due to tight yokes. Yokes loose, no strain
Au. rod Series --
used Series 1 after lamping fter reclamping and Series 4
m cleaning ends of rods
3-54B 9330 9800 9250 11700
8Si09C 9900 8240 8040 11600
3Si100 10110 10250 8940 11800
38i110 11060 10250 11160 11800
3Si120 9650 10670 8290 11700
381180 10850 9230 8600 I 11700
b. TEST ROD NO. 38i100 WITH AUXILLIARY ROD NO. 3Si09C.
INDUCTION B, FOR H = 0.5.
Cond. No.I Method of Clamping. forHT09 Corrensatg for 310P. for 8Si09CI Current. Ic ]for 3S1100
1
2
8
4
5
6
7
8
Yokes loose, no strain on rods, no air gap
between rods and yokes
Yokes tight, rods strained, magnetizing cur-
rents same as above
Yokes tight, rods strained, magnetio circuit
balanced
Yokes loose, no strain on rods, magnetizing
currents same as above
Yokes loose, no strain on rods, magnetic
circuit balanced
Yokes loose, no strain on rods, small air
gap between rods and yokes
Yokes tight, rods strained, small air gap
between rods and yokes
Yokes loose, no strain, no air gap between
rods and yokes
0.7
same
0.8
same
0.7
0.7
0.8
0.7
.059
same
.042
same
.051
.105
.058
.059
11460
11300 X
10550
1 1 4 6 0 t
11460
12460
10890
11460
xMagnetic circuit not balanced; on account of better contact between rods and yokes,
Ie is too large, and yet B is reduced, showing that strain decreases permeability.
tMagnetic circuit not balanced; on account of poorer contact between rods and yokes,
Ie is too small, and yet B is increased, showing that removal of strain restores the rod
to its normal condition.
Under condition 6 a small airgap was produced between the rods
and the yokes by means of tissue paper, necessitating a doubling of
I,. The value obtained for B in this case was 12460, an increase of
1000 over the value obtained with no airgap. According to theoretical
calculations, only one-tenth of this increase can be attributed to the
increase in Ic, as a compensating current of 0.105 (which is 21 times
the main magnetizing current) should increase H as measured, only
by about 2 per cent. It is possible that the rest of the increase may
be due to the removal of a slight strain that existed with no airgap,
but it seems more probable that the compensating current has a larger
effect than is shown by theoretical considerations. If it be assumed
that the total increase is due to Io, H as measured is evidently in-
rods and yokes
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creased 8 per cent due to a compensating current equal to 10 times
the main magnetizing current, and correspondingly for other ratios.
Should this assumption be correct, the results recorded in this bulletin
are somewhat exaggerated, as corrections have been made according
to theoretical considerations only. More experimental evidence, is,
however, necessary before the final judgment can be passed, and in
the meantime the reader, in studying the results, should keep this
matter in mind, remembering at the same time that whatever the
effect of the compensating current may be, the results are strictly
comparable.
Under condition 7 the rods were strained, bringing the value of B
down to 10890, nearly the same as under 3. Removing the airgap
and testing with no apparent strain, the value found for B was 11460,
the same as under similar conditions before. It is interesting to note
that Ic under the last two conditions was practically the same, while
B with the rod strained was about 600 gausses less than with no
strain, another forceful argument showing that the permeability is
decreased by a slight strain.
The condition of no strain can only seldom be applied in practice,
but it is necessary in an investigation of this kind to make the tests
under conditions that can be duplicated and standardized, in order
to obtain results that are comparable, and Table 5 shows very plainly
that the "no strain" condition is the only one that fulfills this re-
quirement. Another argument for the adoption of the "no strain"
condition is that this is the condition that exists in the only other
reliable method of magnetic testing that the writer knows of, namely
the Rowland ring method.* In the appendix will be found some re-
sults obtained with ring specimens together with a discussion of the
same.
V. RESULTS
15. Chemical Properties.-Table 6 gives a complete list of all the
alloys made, together with the chemical analysis for silicon. From
the amount of silicon added, the percentage lost in terms of the weight
of the ingot has been calculated and listed in the fourth column. The
only elements that are present in the alloys as impurities in a measura-
ble quantity are carbon, amounting to about 0.01 per cent, and oxygen.
In bulletins No. 72 and No. 77 of the Engineering Experiment Sta-
tion it was shown that the electrolytic iron, even after the thorough
*Most of the inconsistencies that appeared in Bulletin No. 72 on the properties of
pure iron can no doubt be attributed to strain in view of the results shown here.
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cleaning to which it was subjected before melting, contained about 0.4
per cent oxygen in the form of some oxide of iron. It was shown
that while carbon will reduce the iron oxide before commencing to
combine with the iron, boron will combine with the iron before all the
iron oxide is reduced, its affinity for oxygen being about twice its
affinity for iron. From Table 6 it is seen that silicon in this respect
acts like boron, with the difference, that its affinity for iron is much
stronger than its affinity for oxygen. The percentage silicon lost,
that is, the percentage that has been oxidized and changed into slag,
increases, somewhat irregularly with the silicon added, but reaches a
TABLE 6.
LIST OF ALLOYS.
Silicon
Specimen Silicon Content
No. Added as per
Sper cent Chem. Anal.
Sper cent
.000 ab't. .001
.000 " .001
" .001
.000 " .001
.000 ".001
.000 .001
092 .068
.185
.276
.368
.460
.551
.643
.734
.825
.916
.138
.046
.230
1.810
2.690
3.560
.092
.185
.276
2.690
3.560
2.260
3.125
4.410
5.230
8.420
2.260
6.850
.459
.915
.276
3.980
4.810
2.460
3.560
3.560
2.690
2.690
2.770
2.600
2.510
2.660
.148
.242
.309
.400
.472
.563
.673
.698
.822
.064
.010
.230
1.741
2.550
3.580
.048
.091
.205
2.570
3.400
2.180
2.730
4.440
4.920
8.550
1.710
6.570
.420
.700
.193
3.550
4.390
2.260
3.185
2.960
2.360
2.700
2.550
2.530
2.410
2.600
Silicon
Lost Remarks
per cent
.024
.037
.034
.059
.060
.079
.080
.061
.127
.094
.074
.036
.000
.069
.140
-. 020
.044
.094
.071
.120
.160
.080
.395
-. 030
.310
-. 130
.550
.280
.039
.215
.083
.430
.420
.200
.375
.600
.330
-. 010
.220
.070
.100
.060
These rods were discarded after annealing
at 11000 0 on account of oxidation due to
a leak in the furnace.
The magnetic data for these rods, after
annealing at 9000 C. were taken before the
effect of strain due to tight clamping of
the yokes was noticed.
SIt was impossible to re-test these rods an-
nealed at 9000 because they were already
annealed at 11000. Data for the 11000
annealing were taken without strain.
Not forgeable. Crushed into mass of crystals.
Flaw in center of rod after forging.
Not forgeable. Same as 3 Si 19.
Contaminated in melting.
Not forgeable.
Not used. Made from Electrolytic Iron
that proved to be impure.
I sed for mechanical tests only.
Used for rings for comparative magnetic
testing.
SUsed for mechanical tests only.
3-51
3-52
3-53
3-54
3-55
38105
3Si06
38i07
3Si08
3Si09
3Si1081
38ill3Si12
3Si13
38i14
38i15
3Si16
3Si17
38i18
38i19
38i20
381i21
3Si22
38i23
38i24
38i25
38i26
38i27
3Si28
38i29
38i30
38i31
38i32
38i33
38i34
38S35
3Si36
3Si37
38i38
38S39
38i40
38i41
38i42
3Si43
3Si46
3Si47
38i51
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maximum of about 0.5 per cent. As silicon oxidizes to SiO2 the maxi-
mum amount of oxygen absorbed is 0.44 per cent, or the same amount
that was found in the two previous investigations, using carbon or
boron.
16. Mechanical Properties.-The results of the mechanical tests
are shown in Tables 7 and 8 and graphically in Figs. 11 and 12. A
comparison between these results and those obtained by previous in-
vestigators was given in Figs. 1 and 2. Fig. 13 is a photograph of
some of the test pieces after being tested, showing very clearly the
variation in the elongation and reduction of area caused by silicon.
From the data thus presented it may be stated in general that
silicon increases the strength of iron in almost direct proportion to
the amount added, until the maximum strength is reached with a
silicon content of about 4.5 per cent. From this point on, the elastic
limit coincides with the ultimate strength, and both decrease very
rapidly. The limit of forgeability lies at about 7 per cent. The values
for the forged condition are considerably higher than for the annealed
condition, the difference varying between 10,000 and 20,000 lb. per
TABLE 7.
RESULTS OF MECHANICAL TESTS.
As FORGED.
Number Silicon Yield Ultimate Elongation % Reduction
of Content, Point, lb. Stength, Before o Remarks
Specimen % per sq. in. lb. er "Neck- Uli- Area, %
sq. in. ing' mat
3-39 .001 35,800 44,700 .. 39 80.4
3-53 .001 44,400 46,500 3 24 53.8
3-55 .001 38,000 40,800 8 40 88.5
38i16 .010 41,800 45,200 11 35 78.0
3Si21 .048 42,850 46,900 5 25 91.6 Fad nec ar
3Si05 .068 36,800 43,800 10 37 92.0
38i22 .091 35,600 43,750 12 36 91.7
3Si06 .148 38,600 45.000 11 42 94.8
3Si23 .205 42,500 49,700 10 39 93.4
3Si17 .230 41,300 47,500 10 45 89.7
38ill .563 40,750 51,000 12 41 92.6
35i12 .673 58,000 9 30 91.4
3Si14 .822 45,200 55,800 11 36 93.1
3Si31 1.71 68,100 76,300 6 29 87.2
38i38 2.25 66,550 77,750 12 37 82
38i41 2.36 77,200 86,450 8 24 66
38147 2.41 63,500 75,800 9 23 65
38i46 2.54 60,300 73,400 14 16 20
38i51 2.63 68,700 78,500 13 24 43
38i43 2.65 59,000 74,700 14 34 72
3S142 2.78 68,250 78,000 6 21 74 Slight Flaw.
38125 3.40 74,500 86,300 10 31 74.7
38i36 3.55 83,400 99,300 12 23 41.8
3Si37 4.39 94,000 105,000 6 6 7.5
38i29 4.92 50,250 Nil Nil Nil Failed ase
Tested between
8132 6.57 5,120 5,120 Nil Nil Nil grips without be-
ing machined
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sq. in. (7 to 14 kg. per sq. mm.). For the 4.5 per cent alloy "as
forged" the ultimate strength is 105,000 lb. per sq. in. (73.5 kg. per
sq. mm.) about 8000 lb. (5.6 kg.) higher than the maximum obtained
by previous investigators. The practical absence of carbon in the
vacuum iron causes the low-silicon alloys to be weaker than the cor-
responding alloys tested by previous investigators, but this same ab-
sence of carbon is evidently a cause for added strength in the 4.5 per
cent alloy, in which the carbon exists in the form of graphite.
TABLE 8.
RESULTS OF MECHANICAL TESTS.
ANNEALED.
Number Silicon Yield Ultimate
of Content, Point, lb. strength,
Specimen % per sq. in. lb. pe
Ssq. in.
Elongation %
Before
"Neck-
ing'] mate
Reduction
of
Area, %
Remarks
Annealed
36,100
34,900
35,000
34,100
34,900
35,400
35,200
38,650
35,500
38,400
40,400
42,000
42,750
41,200
45,230
43,000
45,150
54,250
55,000
63,500
63,600
64,200
68,700
64,200
68,200
61,800
67,800
77,400
85,000
91,600
47,700
13,000
at 970° C.
Annealed at 11000 C.
80.9
81.5
89.8
45.1
94.8
91.8
67.0
89.4
84.7
91.3
90.0
91.0
91.4
88.2
89.0
91.6
90.6
84.7
85.0
51.0
84.5
78.5
31.5
82.5
11.3
15.5
28.7
1.2
25.1
Nil
Nil
58,300 8 10
63,100 24 45
66,300 21 47
62,500 20 40
59,500 17 32
45,600 1 2
Failed near Head
Flaw.
Broke near Head.
Flaw
Was not Stressed
to Failure. Flaw
Failed at Punch
Mark.
Annealed at
10300 C in Nitro-
gen
Head failed
Tested between
Grips.
Slight Flaw
.001
.010
.048
.064
.068
.091
.148
.205
.230
.242
.309
.400
.472
.563
.673
.698
.822
1.710
1.741
2.28
2.36
2.88
2.88
2.56
2.59
2.70
2.73
3.40
4.39
4.44
4.92
6.57
16,400
16,050
20,100
14,750
20,400
14,290
15,890
25,075
14,910
18,100
21,650
26,000
17,340
25,700
26,550
23,100
26,200
35,800
45,750
42,200
46,200
43,000
47,500
47,250
42,500
48,500
49,600
57,100
85,000
72,900
47,700
13,000
3-39
3Sil6
3Si21
3Si15
3Si05
3Si22
3Si06
3Si23
3Si19
3Si07
3Si08
3Si093810
3Sill
3Si12
381133Si1488i141
3Si31
3Si18
38i38
3Si41
3Si47
38i46
88i51
38i42
3Si27381i25
38i37
3Si25
3Si37
3Si28
38i29
38i82
38i41
3Si47
3Si463814683Si43
88142
88151
39,400
41,700
45,200
43,300
38,900
43,300
---
-~--
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FIG. 11. MECHANICAL PROPERTIES OF IRON-SILICON ALLOYS, MELTED IN VACUO.
As FORGED.
With'regard to the elongation and reduction of area, the results
in general confirm those obtained by Hadfield, Baker and Paglianti
concerning the effect of silicon. However, the vacuum alloys again
show the effect of the lack of carbon in being much tougher in the
region of low silicon as well as in the region between 3 and 5 per cent.
The latter is particularly significant, as it is in this region that the
maximum strength occurs. While the strength maximum for alloys
containing small amounts of carbon corresponds to zero elongation and
reduction of area, the strongest vacuum alloy in the forged condition
has a reduction of area of 8 per cent, and an elongation of 7 per cent.
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FIG. 12. MECHANICAL PROPERTIES OF IRON-SILICON ALLOYS, MELTED IN VACUO.
ANNEALED.
In the annealed state the corresponding figures for the same alloy
are 24 and 22 per cent.
A very interesting feature, as shown by the curves of Figs. 11
and 12, is the critical point that occurs with about 2.60 per cent silicon,
the characteristic of the alloys in this region being their comparative
brittleness. This point was first noticed by the fact that two ingots,
containing 2.55 and 2.57 per cent silicon respectively, were not forge-
able, but fell into a mass of crystals that apparently had no adhesive
strength. One of these alloys is shown in Fig. 30. That this occur-
rence was not accidental is shown by the fact that the two alloys were
made at different times, and they were subjected to forging on differ-
ent days, in company with other alloys that forged perfectly. The
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8i.-0.001%
3 S1. 05
Si.-0.068%
3 Si. 23
Si.-0.205%
8 Si. 11
Si-0.563%
3 Si. 14
Si.-0.822%
8 Si. 81
Si.-1.71%
38 1. 36
Si.-3.55%
8 Si. 87
Si.-4.89 %
3 81. 29
Si.-4.92 %
3-39
Si.-0.001%
3 Si. 08
Si.-0.309%
3 Si. 10
Si.-0.472%
3 Si. 14
Si.-0.822%
3 Si. 31
Si-1.71%
3 Si. 27
Si.-2.73%
3 Si. 25
Si.-3.40%
3 Si. 28
Si.-4.44%
3 81. 29
Si.-4.92 %
L -aa J 
FIG. 13. SOME OF THE MECHANICAL TEST PIECES AFTER BEING TESTED.
structure of the two alloys is identical, consisting of large allotrio-
morphic crystals 1/8 in. (3 mm.) to 1/4 in. (6 mm.) across. Since his
first report* upon the iron-silicon alloys, where this critical point
was mentioned, the writer has obtained additional experimental data
in the region in which this point occurs. These data are included in
the present report, making it possible to draw definite curves through
*A. I. E. E. Proceedings, Vol. 34, p. 2455, Oct., 1915.
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the critical range. The critical point appears in all the characteristic
curves for the mechanical properties, both for the unannealed and for
the annealed alloys. For the unannealed specimens there is a sudden
drop in the reduction of area and ultimate elongation at 2.25 per cent
silicon, the curves reaching their minima at about 2.56 per cent, which
is the silicon content of the two non-forgeable alloys. With increasing
silicon contents these curves again rise as suddenly as they previously
dropped, attaining about the same values as before the critical point
was reached. At 3.50 per cent the second and final drop begins for
these curves, reaching zero at about 5 per cent silicon.
For the annealed specimens the critical point is even.more marked,
but the reduction of area and the elongation do not recover as com-
pletely after the critical point is passed as was the case with the un-
annealed specimens. The critical point for the annealed alloys occurs
with a silicon content of about 2.65 per cent, slightly higher than for
the unannealed alloys. The writer knows of no satisfactory explana-
tion of this critical point, neither has he been able to find any such
phenomenon reported by anybody else. From Figs. 1 and 2 it is seen,
however, that both Hadfield and Paglianti, and to some extent Baker,
indicate irregularities in some of their curves for a silicon content be-
tween 2 and 3 per cent. None of the above investigators, however,
and, as far as the writer has been able to find out, no other investi-
gator has recorded in the literature the properties of an iron-silicon
alloy containing between 2.50 and 2.67 per cent silicon.
As critical points are usually associated with the formation of
definite compounds of the elements present, it may be of some interest
to note that. a compound of the formula Fe1,Si would contain 2.56
per cent silicon, and similarly that a compound of the formula Fe,1Si2
would contain 4.99 per cent silicon. It was stated above that the first
critical point in the present case occurs with a silicon content of 2.56
per cent, and also that there is a sudden change at about 5 per cent
silicon. Whether this agreement is a mere coincidence, or whether
these compounds, or others, actually exist, the writer is not prepared
to say, as conclusive evidence, in the way of cooling curves for these
particular alloys, are not available.
17. Magnetic and Electrical Properties.-The results of the mag-
netic and electrical tests are shown in Tables 9 and 10, and in Figs.
14 to 18 incl. Figs. 14 and 15 give at a glance the magnetic and
electrical properties of the series, Fig. 14 after annealing at 900'C,
and Fig. 15 after annealing at 1100°C. The properties in the forged
state have not been thus plotted for the reason that they are of less
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interest on account of their inferiority. However, in order to have
them included in the report, Fig. 16 gives the flux densities for vari-
ous magnetizing forces for the alloys as forged; Figs. 17 and 18
give the corresponding values after annealing at 900"C and 1100°C
respectively, thus affording means for comparison as to the effect of
the various heat treatments. From these three figures it is seen that
for H = 50 or above the annealing at 1.100' has the effect of de-
creasing B by 500 to 1000 gausses for low silicon alloys, while for
H = 20 and below the forged condition is decidely inferior to the
annealed conditions. Comparing the 9000 and 1100* annealing it is
seen that for H = 20 to H = 0.5 the 900° annealing is superior for
decreasingly lower silicon contents only, and for H = 0.3 and below
the 1100' annealing is superior for the whole range. In general, it
may be said that for high magnetizing forces B decreases with in-
creasing silicon content, no matter what the heat treatment has been.
This was expected to be the case from previous researches on the sat-
uration values of iron-silicon alloys. Thus Gumlich and Goerens found
that the saturation value 4 r Imax is decreased by 500 gausses for each
1 per cent silicon.
TABLE 9.
RESULTS OF MAGNETIC AND ELECTRICAL TESTS
RODS ANNEALED AT 9000C.
Hysteresis
Loss, Retentivity
ergs per cc. gausses
..... cyvo
9400 14200
9100 13800
9480 14600
9100 14500
9480 14520
a0nn 14100
Coercive
Force gil-
berts per cm
X0
.20
Co
-4
.25
.29
.28
.26
.12
-to
9000 13600 .15
8900 11700 .30
9100 12400 .42
8400 11540 .26
9000 12600 .29
8270 10500 .27
7900 9570 .20
6900 8100 .28
6600 7700 .29
7000 8370 16
4500 5300 .27
siSlo
«-4
II Ho
Co
-40
II
0
0
0
.001
.001
.010
.064
.068
.148
.230
.472
.822
1.71
1.740
2.73
0
0
3-54
3-55
3Sil6
3Si15
38i05
3Si06
38i17
3Si10
3Si14
3Si31
3Si18
3Si27
3Si25
3Si36
3Si37
35i28
35i29
Ip
23100
22500
25000
22800
37500
47000
30000
14000
13500
18000
14300
16800
3.40 20000
3.55 114000
4.39 12750
4.44 16100
4.92 9100
8500
1000
10000
8500
LOOOO
9000
8000
6000
7000
9000
7000
8000
6000
6000
4500
4500
4800
4500
0O
so
1-4
.30
.36
.35
.35
.23
.19
.23
Q
0
a
9.85
9.82
9.89
10.65
10.75
11.8
11.60
1 6 2
oo
-4
1610
1790
1770
1738
1210
965
1311
1863
2432
1541
2162
1779
1390
1812
1956
1575
2006
21800 764
21300 875
25000 795
21700 782
36300 405
42500 396
26300 496
12700 960
13300 1215
15900 800
14100 935
13300 821
15900 560
8850 802.5
7500 846.0
10100 623
5330 776
Remarks
Rod Strained
in Testing
Rod Strained
in Testing
Rods Con-
taminated by
Impure Rods.
.53 21.3
.32 33.2
.42 31.2
.34 41.8
.23 48.5
.34 51.5
.31 58.8
.24 57.7
.36 66.5
--
I
per cycde
~------------
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TABLE 10.
RESULTS OF MAGNETIC AND ELECTRICAL TESTS
RODS ANNEALED AT 11000C.
Hysteresis
Loss, Retentivity Force gil-
S 3 ergs per cc. gausses berts per cm.
.o per cycle
3i16 01 9000 000 28670 707 16041 600 14300 
.1
-- &_ _ _3 ® _OS
3 1 .040 27000 700 16s0 g 0 1o Remarks
I 11 M M n11M 11 M II '" "
3-54 .00122800 8000 21300 665 1860 9300 18300 .20 .24 9.84
3-55 .00125800 9000 25600 707 1451 9300 12700 .23 .28 9.85
3Si16 .01 29000 900028670 707 1604 9600 14300 .21 .31 9.90
3Si21 .040 27000 10000 27000 700 1660 9440 14480 .23 .32 10.50
38115 .06436800 9000 36300 502 1336 9500 14300 .16 .25 10.67
38105 .068 44200 9000 43500 407 1214 9480 14200 .13 .22 10.78
38i22 .091 45250 9000143500 394 929 9500 14300 .13 .17 10.96
38i06 .148 66500 6500 41700 286 916 9080 12000 .09 .16 11.80
38i23 .205 30200 9000 29500 649 1526 9300 14480 .20 .27 12.50
Contami-
3Si17 nated by
impure Rods
8Si07 242 36500 750033000 436 1346 9700 14500 .13 .21 13.40
38108 .309 44800 9000 43500 445 1412 9600 14500 .13 .24 14.40
38i09 .400 22500 9000 22000 725 1820 9440 14480 .21 .32 15.30
38110 .472 31150 6200 25000 535 1358 9300 14200 .16 .21 16.57
38111 .563 25000 9000 25000 601 1624 9200 14320 .20 .28 17.50
38i12 .678 28000 7000 24500 468 1636 9200 13670 .13 .23 19.10
38113 .698 20350 8000 19600 780 2220 9300 14400 .25 .40 19.60
38i14 .822 30800 9500 30300 542 1765 9200 14100 .18 .35 21.25
3i3111.71 30150 6500 24700 440 1292 8700 12000 .12 .22 33.25
3i18 1.740 33000 7000 26300 416 1112 9200 12600 .13 .19 31.00
38i27 2.78 46800 9500 46000 404 1260 9100 13300 .13 .23 42.00
38i25 3.40 63300 6500 46500 280 1025 9100 12400 .08 .15 48.50
3813 3.55 36000 7500 29500 419 1157 8920 12000 .13 .21 48.50 Rod an-
38137 4.39 25700 6000 15400 591 1819 8300 10200 .20 .25 56.10neal
Si28 4.44 30200 3000 15900 405 1171 7000 8000 .12 .15 57.40
38i29'4.92 12200 5000 7040 780 2620 6300 7100 .26 .35 66.20
Turning now to Figs. 14 and 15 two maxima appear very dis-
tinctly in the curves for maximum permeability, corresponding to two
minima in the curves for hysteresis loss and coercive force. The first
of these points occurs at a silicon content of 0.15 per cent, the second
at a silicon content of about 3.5 per cent for the permeability and
about 4.0 per cent for the hysteresis and coercive force. The reason
that the second maximum for permeability and minimum for hysteresis.
loss do not occur at the same silicon content appears very clearly from
the retentivity and coercive force curves, when it is remembered that
the hysteresis loss primarily depends upon the coercive force and the
retentivity and only to a less extent upon the maximum permeability.
That a maximum-or minimum-should occur for a low silicon
content was not surprising in view of the results previously obtained
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FIG. 14. MAGNETIC AND ELECTRICAL PROPERTIES OF IRON-SILICON ALLOYS
MELTED IN VACUO. ANNEALED AT 900° 0.
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FIG. 15. MAGNETIC AND ELECTRICAL PROPERTIES OF IRON-SILICON ALLOYS
MELTED IN VACUO. ANNEALED AT 11000 C.
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FIG. 16. FLUX DENSITY FOR VARIOUS MAGNETIZING FORCES. As FORGED.
with pure iron, iron-carbon, and iron-boron alloys. In the latter case
a maximum was obtained with a trace of boron, evidently on account
of a slight purification of the iron, but as soon as the boron content
became measurable the magnetic properties immediately depreciated.
The first maximum in the present case can, no doubt, be accounted for
in the same way, and consequently this point may be regarded as
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FIG. 17. FLUX DENSITY FOR VARIOUS MAGNETIZING FORCES.
ANNEALED AT 9000 C
characteristic of the purest iron obtainable under the present condi-
tions, containing 0.15 per cent silicon and a small amount of oxygen
in the form of iron oxide. The slight uncertainty existing for silicon
contents below 1.0 per cent, as shown by the distribution of the points,
is probably due to the varying amounts of oxide left in the iron.
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FIG. 18. FLUX DENSITIES FOR VARIOUS MAGNETIZING FORCES.
ANNEALED AT 1100° 0.
That the oxide in the iron before melting varied to some extent is
apparent from Table 6, judging from the amount of silicon oxydized
in the high alloys, where probably all the oxide was reduced. This
reasoning would consequently also account for the uniform results
obtained for the high silicon contents.
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The second maximum-or minimum-was wholly unexpected as
strength and brittleness are not generally associated with high mag-
netic quality. It is true that previous investigators have found a maxi-
mum between 2.5 to 4.0 per cent silicon, but as was pointed out on
pp. 12 and 16 this was thought to be due to the neutralizing effect
of the silicon upon the relatively large amounts of impurities, chiefly
carbon, present in the iron. In the present case the alloys contained
only about 0.01 per cent of carbon, an amount considered too low to
be of any consequence, and only minute traces of other impurities
were present. Thus it seems improbable that the second maximum in
this case can be attributed solely to the conversion of 0.01 per cent
of combined carbon into graphite. It seems more probable that the
improvements are due partly to this conversion and partly to the
complete reduction of iron oxide. If this second maximum should be
due entirely to the conversion of combined carbon into graphite, the
current ideas regarding the influence of carbon upon the magnetic
properties of iron will certainly have to be changed, and it will be-
come desirable to remove from the iron the last trace of carbon. Ac-
cording to these hypotheses, the first maximum is due to pure iron
in spite of small amounts of iron oxide and combined carbon, while
the second maximum is due to pure iron in spite of a relatively large
amount of dissolved silicon. If none of the above hypotheses is cor-
rect, the only other explanation remaining is that the second maximum
is due directly to silicon dissolved, in the iron. As an argument
against such a theory Hadfield and Hopkinson* in 1910 and Gum-
licht in 1912 brought out the fact that silicon reduces the saturation
value of iron in direct proportion to the silicon dissolved in the iron,
and consequently it did not seem probable that silicon could directly
improve the permeability at lower densities. However, it is a curious
coincidence that at the same meeting of the Faraday Society at which
Dr. Gumlich made the above statement, Dr. P. Weisst read a paper
on iron-cobalt alloys, showing that the alloy Fe2 Co has a saturation
value 10 per cent higher than that of pure iron. The writer¶ in co-
operation with Dr. E. H. Williams§ has recently shown that while
the iron-cobalt alloy, Fe2Co, melted in vacuo has a saturation value
13 per cent higher than that of pure iron melted under identical con-
ditions, its permeability at low densities is much lower. Evidently
*Inst. of Elect. Engrs. Vol. 46, p. 225, 1911.
tTrans. Faraday Soc. Vol. 8, p. 109, 1912.
tTrans. Faraday Soc. Vol. 8, p. 149, 1912.
¶Gen. Elect. Rev. Oct., 1915, Vol. 18, p. 881, Sept., 1915.
jPhys. Rev. N.S. Vol. 6, p. 404, Nov. 1915.
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both the high saturation value and the comparatively low per-
meability at lower densities of the FeCo alloy must be due
to the combination between iron and cobalt, or, in other words, must
be attributed directly to the cobalt. There is no reason, then, why
the low saturation value and the high permeability at low densities of
the 3.40 per cent iron-silicon alloy can not both be due directly to
silicon. That is, no foundation exists any longer for assuming that
there is a direct connection between the saturation value of a certain
alloy and its properties at low and medium densities, and it is conse-
quently possible that the second maximum occuring in the maximum
permeability curve for the iron-silicon series may be due directly to
silicon. More experimental evidence is needed, however, before it is
safe to make a definite statement in this respect.
While silicon is thus, directly or indirectly, engaged in improving
the magnetic properties of iron, it serves a very useful purpose by
increasing the electrical resistance of the iron enormously, giving the
iron the exact characteristics desired for electromagnetic machinery.
The iron-silicon series thus offers two important alloys for elec-
trical purposes, both having high permeability and low hysteresis loss,
but differing in that one has a very. low, while the other has a very
high electrical resistance.
The values obtained are, undoubtedly, without precedent in the
annals of the magnetic properties of iron and iron alloys, and it is
only after a careful analysis of the apparatus used and the methods
employed in testing that the writer feels justified in publishing them.
As an extra precaution, however, he wishes to repeat the statement
made on p. 27 that experimental evidence seems to point towards a
larger percentage error due to the compensating current than theo-
retical considerations according to Burrows and others would lead
to. But even if the maximum error in the results as given should
amount to 20 per cent, their significance would not be altered appre-
ciably. Whether the true maximum permeability attained is 66,500
or 53,200 is of little consequence at the present time, as long as it is
reasonably certain that it lies in this neighborhood. Should it be
definitely established that the value of the required compensating
current imposes a limit upon the Burrows double bar and yoke method,
beyond which the errors introduced are too large, a new method will
undoubtedly be developed to meet this exigency.
ILLINOIS ENGINEERING EXPERIMENT STATION
It is only a few years ago that a permeability of 6000 was regarded
as exceptionally high. This was gradually raised to 8000 and then
Terry,* in 1910, obtained a value of 11000 for a ring of electrolytic
iron as deposited and annealed. Gumlich, in 1912, also obtained this
value for a high grade low silicon alloy in the form of sheets. Last
year the writer published 19000 as the maximum found for pure iron
melted in vacuo, and this value was regarded as remarkable. The
step from 19000 to 66500 indeed seems a long one, but intermediate
steps have been taken in the meantime in the laboratory. The values
for the hysteresis loss have followed in a similar path, as seen from
Table 11.
TABLE 11.
PROGRESS MADE IN RECENT YEARS.
Coercive Force Hysteresis Loss
Kind of Maximum gilberts per cm. ergs per cc per cycle
Year Investigator Material Perme- for fr for for
used ability Bma = Bmax = Bmax = Bmax =
1000 15000 10000 15000
1900 Hadfield SW. Char. 4000 0.920 1.00 abt. 2700 abt. 5500
Iron
1900 Hadfleld 2%% 5100 0.72 0.79 " 2200 " 4700
Si-Iron
1901 Gumlich Wrought 8350 0.60
& Schmidt Iron
1903 Baker 4.9% Si-Iron 1.20 " 6200
1910 Terry Electrolytic
Iron 11000
1912 Gumlich 0.4% Si. 11600 0.54
& Goerens Sheets
1912 Gumlich 4.0% Si. 9400
& Goerens Sheets
1912 Paglianti 1.75% Si- 0.60 0.75 1650 " 3500
Iron
1914 Yensen Pure Vacuum 19000 0.29 813 1640
Iron
1915 Yensen 0.15% 81. " 66500 0.09 0.16 286 916
Iron
1915 Yensen 3.40% Si. " 63300 0.08 0.15 280 1025
Iron
*Phys. Rev. Vol. 30, p. 133, 1910.
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FIG. 19. COMPARISON BETWEEN VACUUM IRON AND COMMERCIAL STEEL,
BOTH CONTAINING BETWEEN 3 PER CENT AND 4 PER CENT SILICON-
THOROUGHLY ANNEALED.
Vacuum Commercial
Iron Steel
Hysteresis loss, for Bmax = 10,000; ergs per cu. cm. per cycle. ... 280 2160
" " " = 15,000; " " " " " " ...... 1025 4290
Specific electrical resistance, microhms ......................... 48.50 51.15
Fig. 19 illustrates the difference in magnetic quality between a
silicon-vacuum-iron and a commercial silicon steel, both containing
approximately the same amount of silicon. The maximum perme-
ability is as 20 to 1, the hysteresis loss for Bma• = 10000 as 10 to 1, and
for Bmax = 15000 as 3 to 1 in favor of the vacuum alloy. For B =
15000 the permeability of the latter is twice the permeability of the
commercial iron. The electrical resistance is nearly the same for
both alloys, or about 5 times that of pure iron.
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FIG. 20. COMPARISON BETWEEN A HIGH AND LOW
IRON-ANNEALED AT 110000.
SILICON VACUUM
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0.048% Si. 4.44% Si.
Hysteresis loss, for Bmax = 10,000; ergs per cu. cm. per cycle..... 407 405
- 15,000; " " " " " "...... 1214.5 1171
Specific electrical resistance, microhms ......................... 10.78 57.40
Fig. 20 shows to a large scale the difference between a high and a
low silicon-vacuum-iron, having about the same hysteresis loss. The
characteristics of the low silicon alloy are seen to be: very high re-
tentivity and high permeability for medium and high densities, while
the high silicon alloys have a low retentivity, and the maximum per-
meability occuring at a low density. The chief advantage of the high
silicon alloy lies in the high electrical resistance amounting to more
than 5 times that of the low silicon alloy.
An attempt was made to obtain a few more points for the high
silicon alloys, and two alloys, Nos. 3Si36 and 3Si37 were melted and
testpieces prepared. Unfortunately, however, these rods were an-
nealed first at 900' and then at 11000, in company with three rods
made from impure iron and were evidently contaminated by them.
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This was discovered by the behavior of rod No. 3Si17 that had pre-
viously been annealed at 9000 under normal conditions. After anneal-
ing at 1100" in company with the contaminated rods, its magnetic
quality was sadly impaired, while the five other rods all had improved.
As a matter of fact, it was the first occurence of a rod depreciating
during the 11000 annealing, and the only cause that could be found
was contamination by the impure rods. One rod being thus affected
it seemed natural to conclude that Nos. 3Si36 and 3Si37 were simi-
larly affected.* The results for these two alloys are shown in the
tables, but the values have not been plotted in the figures, although
the points would have deviated but little from the curves. Another
reason for not plotting these values is that the 11000 annealing was
done in an atmosphere of nitrogen. While the nitrogen did not seem
to act differently from the vacuum, the method has not been tested
sufficiently to warrant including the results thus obtained without
question. However, these results, although not wholly satisfactory,
serve as a check upon the results previously obtained.t
18. Photomicrographs.-In the following pages a large number of
photomicrographs are reproduced representative of the alloys tested.
They are arranged in order of their silicon content, the pure iron
appearing first and the highest silicon alloy last. With only a few
exceptions the "As forged" condition occupies the upper part of the
pages, the 900' annealed condition the middle part, and the 11000
annealed condition occupies the lower part. The magnifications used
are either 40 diameters or 10 diameters. In one case recourse was
had to 7 diameters. For the high silicon alloys both the 40 and the
10 diameter magnifications are shown in most cases. The lower mag-
nifications give a general view of the structures, as they cover about
1/s of the surface of the specimens, while the higher magnifications give
more detail. Even with the information thus at hand perfectly defi-
nite conclusions can not be made with regard to each alloy taken
separately, as the specimen may not in every case be strictly repre-
sentative of the particular alloy from which it was taken. Further-
more, in comparing the photomicrographs after the different heat
treatments, it should be remembered, that the specimens had to be
repolished after each treatment, and the photomicrographs do not,
therefore, represent the same spot in each case. However, general
conclusions can be drawn by considering the series as a whole.
*That such contamination takes place during annealing was shown in Bulletin No.
72, in the case of five rods that were annealed in company with a rod that contained
0.18 per cent carbon.
tin the tests comparing the Burrows method.and the ring method a rod was ob-
tained, containing 3 per cent silicon, that according to the Burrows method of testing
has a maximum permeability of 72000. (For details see Appendix.)
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From these photomicrographs it is seen very clearly that the iron-
silicon alloys, in the range here investigated, consist of only one kind
of crystals, thus confirming the results obtained by previous investi-
gators that iron and silicon, for silicon contents below about 15 per
cent, form a solid solution everywhere between the freezing point and
ordinary temperature.
Below 1 per cent silicon appears to have no marked effect upon
the structure of the iron, either as forged or annealed. Annealing at
900°C does not seem to change the structure of the alloys in this range,
but annealing at 1100" produces numerous small crystals inside the
larger ones, giving an appearance of a very fine structure.*
There is no sign of foreign substances in these structures, other
than those arising from imperfect polishing. After passing the 1 per
cent mark silicon begins to show its effect. The crystals are generally
larger than for the pure iron, and are readily polished in relief, show-
ing that they are not of uniform hardness. There is no breaking up
of the crystals by the 11000 annealing as in the case of the low alloys.
The 1.71 per cent and the 2.73 per cent alloys, as seen in Figs. 29
and 31, show very irregular structures as forged, and after the 900"
annealing, but these give way to structures of more regularity by the
1100" annealing. In the region between the last two alloys is found
the nonforgeable alloys, Nos. 3Si19 and 3Si24, containing 2.55 to 2.57
per cent silicon respectively. The structure of these alloys is shown
in Fig. 30, exhibiting very large, uniform crystals, measuring 1/8"
(3 mm.) to 1/4" (6 mm.) across. In the first specimen used for the
3.40 per cent alloy the crystals are of about the same size and shape
as the ones for the nonforgeable alloys, as seen in Fig. 35. In order
to investigate this singularity further, another specimen from the
same alloy was prepared, and this showed a much more normal struc-
ture (Fig. 32). Specimens were also investigated for two other alloys
with very nearly the same silicon content, and these also showed
structures that were quite normal, (Figs. 33 and 34) so that the
large crystals, shown in Fig. 35, are evidently freaks, caused by
*This phenomenon is explained by Stead and Carpenter, Journ. Iron & Steel Inst.
Sept., 1913, as follows: Upon heating the iron above the Acs point (9000 C for pure
iron) and holding it in the region of the gamma modification sufficiently long, both the
alpha crystals and their nuclei will be destroyed, giving place to gamma crystals. If
now the iron is cooled, numerous alpha nuclei will be formed simultaneously on passing
through Ars and the resulting crystals are consequently small.
See also Storey: AM. Electroclem Soc. Apr. 18, 1914.
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peculiar conditions. It may be that the specimen was taken at one
end of the forged rod. Nevertheless, the occurence of these enormous
crystals is very interesting, not only on account of the enormous size,
but also because it shows that the size of the crystals in and of itself
does not prevent the material from being forgeable. The remainder
of the photomicrographs exhibit quite normal structures with no
marked change caused by the two heat treatments.
The principle difference between these photomicrographs and the
ones published by previous investigators is the absence of foreign
matter in the structure of the vacuum alloys. Even Baker, whose
alloys contained only 0.04 per cent carbon, shows in his photomicro-
graphs besides small amounts of pearlite or graphite, some other for-
eign substance that could not be explained at the time. It seems
probable, in view of what has been said earlier in this report re-
garding the method used for melting and the mechanical properties
of his alloys, that these other foreign substances may be oxides. The
other investigators invariably show comparatively large amounts of
pearlite for low alloys and patches or spots of graphite for high alloys.
The size of crystals for the vacuum alloys, excluding the abnormal
cases, is very much larger than for the less pure alloys. This is true
both for low and high silicon contents.
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FIG. 21a. 40 DIAM. PICRIC ACID. FIG. 22a. 40 DIAM. PICRIC ACID.
Annealed at 900 U.
FIG. 21b. 40 DIAM. PICRIC ACID. FIG. 22b. 40 DIAM. PICRIC ACID.
a ...... 1 .
FIG. 21e. 40 DIAM. PICRIC ACID. FIG. 22c. 40 DIAM. PICRIC ACID.
ALLOY NO. 3-39. 0.001% Si. ALLOY NO. 3-54. 0.001% Si.
For ed
l at 
1000 
9
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As Forged.
FIG. 24a. 40 DIAM. PICRIC ACID.
Annealed 
at
FIG. 23b. 40 DIAM. PICRIC ACID. FIG. 24b. 40 DIAM. PICRIC ACID.
Annealea at 11i00 U.
FIG. 23c. 40 DIAM. PICRIC ACID. FIG. 24c. 40 DIAM. PICRIC ACID.
ALLOY No. 3S105. 0.068% SI. ALLOY No. 3Si06. 0.148% SI.
Annealed at
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FIG. 26a. 40 DIAM. PICRIC ACID.
Annealea at Yu- U.
FIG. 25b. 40 DIAM. PICRIC ACID. FIG. 26b. 40 DIAM. PICRIC ACID.
FIG. 25c. 40 DIAM. PICRIC ACID. FIG. 26c. 40 DIAM. PICRIC ACID.
ALLOY No. 3Si08. 0.309% SI. ALLOY No. 3SI10. 0.472% SI.
As 8Forgea.
L
I a¥
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Annealed at 900° C.
FIG. 27b. 40 DIAM. PICRIC ACID. FIG. 28b. 40 DIAM. PICRIC ACID.
at 1
FIG. 27c. 40 DIAM. PICRIC ACID. FIG. 28c. 40 DIAM. PICRIC ACID.
ALLOY No. 3Sil2. 0.673% Sr. ALLOY No. 3Si14.. 0.822% Sr.
i
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FIG. 29a. 10 DIAM. PICRIC ACID.
As iForgea.
FIG. 29bl. 10 DIAM. PICRIC ACID. FIG. 29b2 . 40 DIAM. PICRIC ACID.
neul•leu at IUVV- U.
FIG. 29c,. 10 DIAM. PICRIC ACID. FIG. 29c2 . 40 DIAM. PICRIC ACID.
ALLOY No. 3Si31. 1.71% Si.
ALI
Ann•A1•.fl m.t
Annealed 
at
YENSEN-PROPERTIES OF IRON-SILICON ALLOYS
As cut from Ingot before Forging
FIG. 30a,. 10 DIAM. PICRIC ACID.
Annealed at 9000 C.
FIG. 30b. 10 DIAM. PICRIC ACID.
Ingot after Forging.
FIG. 30a,. NEARLY FULL SIZE.
Annealed at 11000 C.
FIG. 30c. 10 DIAM. PICRIC ACID.
THE NON-FORGEABLE ALLOY NO. 3Si24. 2.57% SI.
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FIG. 31a. 10 DIAM. PICRIC ACID.
Annealed at
FIG. 31b,. 10 DIAM. PICRIC ACID. FIG. 31b,. 40 DIAM. PICRIC ACID.
Annealed 
at
FIG. 31c1 . 10 DIAM. PICRIC ACID. FIG. 31c2. 40 DIAM. PICRIC ACID.
ALLOY NO. 3Si27. 2.73% SI.
onrpre
.. r. e .
Annealed at
AnneAled A.I:
YENSEN-PROPERTIES OF IRON-SILICON ALLOYS
FIG. 32. 40 DIAM. NITRIC ACID. FIG. 35a. 10 DIAM. PICRIC ACID.
ALLOY No. 3Si25 (Spec. 1) 3.40% SI.
Annealed at 9000 C.
FIG. 33. 40 DIAM. NITRIC ACID. FIG. 35b. 10 DIAM. PICRIC ACID.
ALLOY No. 3Si20. 3.58% SI.
fLU .Eu gU u. .nluitUaieu U, J.LJVU U.
FIG. 34. 40 DIAM. NITRIC ACID. FIG. 35c. 7 DIAM. PICRIC ACID.
ALLOY No. 3Si36. 3.55% SI. ALLOY No. 3Si25 (Spec. 2). 3.40% Si.
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IG. 36b. 10 DIA. PRIC ACID. I. 36b. 40 DIAM. PI AD.
FIG. 36b. 10 DIAM. PICRIC ACID. FIG. 36b2 . 40 DIAM. PICRIc ACID.
FIG. 36c,. 10 DIAM. PICRIC ACID. FIG. 36c2. 40 DIAM. PICRIC ACID.
ALLOY No. 3SI28. 4.44%o SI.
a
.*
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As Forgea.
FIG. 37a. 40 DIAM. PICRIC ACID.
Annealed 
a
FIG. 37b. 40 DIAM. PICRIC ACID.
Annealed at 11000 C.
FIG. 37c,. 10 DIAM. PICRIC ACID. FIG. 37c 2. 40 DIAM. PICRIC ACID.
Washed with 10% HF Sol. Washed with 10% HF Sol.
ALLOY NO. 3Si29. 4.92% SI.
A-- •---
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As Forg
FIG. 38a. 40 DIAM. PICRIC ACID.
Annealed 
at
FIG. 38bl. 10 DIAM. PICRIC ACID. FIG. 38b 2. 40 DIAM. PICRIC ACID.
Slightly repolished. Slightly repolished.
Annealed at 11uo- u.
FIG. 38c,. 10 DIAM. PICRIC ACID. FIG. 38c,. 40 DIAM. PICRIC ACID.
Washed in 10% HF Sol. Washed with 10% HF Sol.
ALLOY No. 3SI32. 6.57% SI.
AsFr
Annealed at
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THE NON-FORGEABLE ALLOY 3SI30. 8.55% SI.
FIG. 39. NEARLY FULL SIZE.
V. SUMMARY AND CONCLUSIONS.
The results recorded in the previous pages may be summarized as
follows:
(a). By means of the vacuum method of melting it is possible to
obtain a decidedly purer product than has thus far been obtained in
any other manner. Consequently by the use of this method more
definite conclusions can be drawn with regard to the effect of silicon
upon iron, than has hitherto been possible.
(b). Silicon, like boron, has a double effect upon iron. Part of it
combines with the iron and remains in solid solution throughout the
cooling of the alloy, while a smaller part reduces the iron oxide
present.
(c). The tensile strength of the vacuum product follows in general
the same law as alloys made under ordinary conditions, but the duc-
tility of the former is much greater, particularly below 2 per cent and
above 3 per cent, probably due to the absence of carbon. The maxi-
mum tensile strength of 105000 pounds per square inch occurs with
a silicon content of 4.5 per cent.
(d). The limit of forgeability lies between 7 and 8 per cent silicon.
A critical range occurs between 2.55 and 2.60 per cent, in which the
alloys are exceedingly brittle, in some cases being not even forgeable.
(e). With regard to the magnetic properties the vacuum alloys ex-
hibit most remarkable characteristics. The best alloys are obtained
with about 0.15 per cent and 3.40 per cent silicon after annealing at
1100°C. The maximum permeability for both of these alloys is above
50,000, and the hysteresis loss for Bmax = 10,000 and 15,000 is about
300 and 1000 ergs per cu. cm. per cycle respectively. This hysteresis
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loss is 1/8 and 1/3 of the corresponding loss for commercial silicon steel.
The most favorable annealing temperature is in every case 1100°C.
(f). The specific electrical resistance increases about 13 microhms
for the first per cent silicon added. For each additional per cent
added the increase is about 11 microhms. Consequently, the 3.40 per
cent alloy mentioned under 5 has a resistance nearly 5 times that of
the 0.15 per cent alloy.
By the vacuum process two silicon alloys have thus been produced
that have very valuable characteristics; one, low in silicon, not very
strong, but extremely ductile, of high permeability, low hysteresis
loss, and of low electrical resistance; the other high in silicon, very
strong, moderately tough, of high permeability, low hysteresis loss and
of high electrical resistance. The properties of these two alloys are
summarized in Table 12. The first is evidently suitable for use in
places where high permeability and low hysteresis loss are the chief
requirements, while the second alloy is suitable for electromagnetic
machinery, principally transformers, where a low eddy current loss is
TABLE 12.
PROPERTIES OF THE TWO BEST IRON-SILICON VACUUM ALLOYS.
Stress Ulti- Hysteresis Loss ergs
Silicon Yield mate Red Maxi- Density ergs per cc. per cycle Spec.
Con- Point Strength Elong- tion for Resi-
tent lb. lb. ation of Perme- Max. for for tanesis-
tent lb. e - Are Perme - tane
S per r  % A abilit - Bmax = Bma= mic-
q. s.% y ability 10000 15000 rohms
in. in.
0.15 18500 1 37000 56 90 66500 6500 286 916 11.80
3.40 58000 76500 21 28.5 63300 6500 280 1025 48.50
an additional requirement. The mechanical properties of the second
alloy makes possible its use also in dynamo machinery, where the
present commercial silicon steel can not be used on account of its
brittleness.
It should be pointed out, that electrolytic iron is not essential to
the attainment of high magnetic quality. Any low carbon iron that
is practically free from phosphorus, sulphur and manganese, when
melted in vacuo, will give magnetic properties approaching very
closely to those obtainable with electrolytic iron. There are a number
of commercial grades of iron coming within these specifications, that
are obtainable at the present time.
The writer fully realizes the difficulties that have to be overcome,
before the vacuum iron can be used in the industries in competition
with the materials available at the present time. Suggestions have,
nevertheless, already come from several sources for its employment in
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places, where its high cost of production is not of vital importance,
and there is no doubt but that its usefulness in limited fields will in-
crease as time goes on. However, the writer would like to suggest
that the results here given be partly considered as a new indication
of the possibilities obtainable in the realm of magnetic properties,
rather than as the final word regarding certain properties of iron-
silicon alloys, that can be turned into commercial use at the present
time.
VII. APPENDIX.
Results obtained with Ring Specimens.
In view of the unprecedented results obtained with regard to the
magnetic properties of the alloys described in this bulletin, it was
deemed desirable to test a few alloys in the form of rings. As the
ring method is the old established method of magnetic testing, and as
this method requires no compensating or other auxiliary windings to
cause uncertainties, the evidence obtained with such testpieces would
naturally be more convincing than results obtained by any other
method. On the other hand, it has been shown by Richter* and
Lloydt that the magnetic induction in a ring specimen is not uni-
formly distributed, but that it is crowded towards the inside of the
ring. The variation is greatest near the steepest part of the mag-
netization curve, where the maximum permeability occurs, and may
here amount to as much as 100 per cent for high permeability mate-
rial. Consequently it is impossible with ring specimens to measure
the maximum permeability, and this should be borne in mind when
comparing the results obtained by the two methods.
The dimensions of the rings used are shown in Fig. 40.
-t
FIo. 40. RING SPECIMEN.
*Electrotech. Zetischr. Vol. 24, p. 710; 1903.
tBull. Bureau of Standards, Vol. 5, No. 3, Reprint No. 108, 1909.
ILLINOIS ENGINEERING EXPERIMENT STATION
With these dimensions the true magnetizing force, as shown by
Lloyd and Richter is
2NI
Ho = 1.0009 -
10Ro
Where Ro = mean radius = 2.0 cm.
N = total number of turns = 100
I = magnetizing current in amperes
Hence by using Ho = 10 I
the error introduced is less than 0.1 per cent.
The secondary winding consisted of 100 turns of No. 30 B & S
wire wound next to the ring and connected directly to the Grassot
fluxmeter. With this arrangement
A B = 400 D
where A B = change of average flux density in ring in gausses
D = deflection of fluxmeter.
Three rings were prepared all containing approximately 3 per cent
silicon. From No. 3Si39, one ring was machined directly out of the
ingot as it came from the melting furnace, while another was made
from the remainder of the ingot after forging it. The latter was im-
perfect, however, and was discarded. The third ring was made from
No. 3Si40 after forging the ingot, and the remainder of the latter
was then forged into a rod to be tested by the Burrows method.
The specimens were first tested in the original state, unannealed.
The windings were then removed and the rings and the rod placed
in the annealing furnace and annealed in vacuo, the rod occupying
the space along the axis of the tube. The maximum temperature to
which the rod was subjected was 11000 C, but the rings were heated
to a somewhat higher temperature as they occupied a space nearer
the heating element, their axes coinciding with that of the rod. The
specimens were cooled at the standard rate, namely 300 C per hour.
The results are shown in Table 13. In this table is included the
results for rod No. 3Si25 from the main part of the investigation.
With regard to permeability the results show that in the unan-
nealed state the two methods of testing agree very well. In the an-
nealed state, however, the maximum permeability obtained for 3Si40
by the Burrows method is twice that obtained by the ring method.
The latter method, however, as has been stated above, does not measure
the maximum permeability, on account of the nonuniformity of the
flux distribution, and in view of the results shown in Table 5, it is
probable that the Burrows method gives too high a maximum perme-
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ability. Making allowance for possible differences due to material
and heat treatment, as well as mechanical treatment, it seems proba-
ble from these results that the true maximum permeability is in the
neighborhood of 50,000. That the permeability for B = 15,000 is so
low for the ring specimens must be due to the fact that the rings
were annealed at a higher temperature than was the rod. It was
shown in Figs. 17 and 18, that with a silicon content of 3 per cent
for H = 20 the flux density after annealing at 900° was 16,000, while
after annealing at 1100" it was only 15,600. A corresponding decrease
in this region may consequently be expected also for higher annealing
temperatures. This point is further borne out by the results obtained
with the ring made from the ingot 3Si39 without forging. This ring
may be considered as having been annealed at the melting point of
the alloy. Its permeability at B = 15,000 is only 583 as compared
with 962 for the ring made from 3Si40 after forging.
Turning now to the hysteresis loss it is found that in the unan-
nealed state the loss in ring No. 3Si40 is less than half the loss in the
rod. As the two methods are known to be equally reliable in this
case the difference must be attributed to the fact that the rod was
forged much more than was the ring. That this is the cause becomes
evident from the result obtained for ring No. 3Si39 that was not
forged at all, as this shows a decidedly lower hysteresis loss even than
ring No. 3Si40. After annealing, the loss for B = 10,000 is found
to be less for the rod than for the ring, while for B = 15,000 the re-
verse is the case. The coercive force for B = 15,000 is 60 per cent
larger for the rod than for the ring, while the retentivity is also lower
for the ring.
These results seem to point towards the following conclusions: For
such high quality material as that described in this bulletin the Bur-
rows method gives too high maximum permeability and too high re-
tentivity. For low densities the hysteresis loss obtained is low, while
for medium and high densities the coercive force and consequently
also the hysteresis loss is too high.
While these rings were prepared for the purpose of verifying the
results given in the main part of the bulletin, the results can not be
dismissed without calling especial attention to the results obtained
with the ring made from the ingot No. 3Si39 without forging. Un-
annealed this ring has a retentivity of only 1000 and the hysteresis
loss for B = 15,000 is only 1130 ergs per cc per cycle, not much above
the value found for the best rod after annealing at 1100° C. After
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annealing the ring at 11000 the hysteresis loss for B = 15,000 drops
to 577 ergs. This value is less than 1/5 of the corresponding value for
the commercial 4 per cent silicon steel. The low hysteresis loss for
this ring shows the advantage, as far as this characteristic is con-
cerned, of annealing at as high a temperature as possible, as this ring
may be considered as having been annealed at the melting point of
the alloy. On the other hand, the results also show that the perme-
ability for high magnetizing forces decreases with increasing annealing
temperatures. That this is the case for temperatures between 900"
and 1100° C has previously been established. That it is equally true
for temperatures above 1100° C is now indicated by the results ob-
tained for this ring.
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